Ground immersed structures thermally activated by embedded heat exchangers represent a solution for building climatization, that combines efficiency, sustainability and cost saving.
Introduction
Ground Source Heat Pumps (GSHP) are energy efficient and environmental friendly climatization systems for buildings. They experienced a remarkable growth in the years 2010-15, when the installed capacity worldwide grew 1.52 times and the annual energy use increased 1.63 times [1] . Among direct uses of geothermal energy, they are the most widespread, accounting for 70.90% of the installed capacity and 55.15% of the annual energy use in 2015. Moreover, the introduction of the Nearly Zero Energy Buildings concept by the EU EPBD Directive [2] , constraining all new buildings to comply to the NZEB standard by 2020, is expected to further foster GSHP in Europe as one of the systems that can contribute to the target.
Despite the well-known advantages, GSHP suffer from the economic barrier of the relatively high initial capital cost, which is significantly affected by the excavation cost of the Ground Heat Exchanger (GHE). According to Blum et al. [3] , who analyzed data regarding more than 1100 GSHP installed in Germany, for heating demands below 30 kW, the average cost for drilling and installing Borehole Heat Exchangers (BHE) is 11997 €, accounting for 51% of the average total cost, namely 23460 €.
The drilling cost can be substantially avoided if the GHE is embedded in the building foundations, already required for structural reasons. So-called thermo-active foundations or energy geostructures are piles, slabs, retaining walls or tunnel linings that work at the same time as structural elements and components of the GSHP system [4] [5] [6] . Among thermo-active foundations, energy piles are the most similar to conventional BHE. However, some geometrical differences can be found, regarding the diameter (10-15 cm for BHE, up to 3 m for piles) and the depth (typically 100 m for BHE, rarely more than 40 m for piles), and leading to smaller depth-to-diameter ratios for piles compared to BHE. Although current design analysis tends to assume that the thermal response of piles is equivalent to that of BHE, specific issues regarding piles should be considered, such as the importance of axial effects on the long-term, the thermal interaction with the building, the large heat capacity of the pile [7] . Therefore, thermal and thermo-mechanical analysis of energy geostructures is an area of current activity and collaboration [7, 8] . Analysis and design of energy foundation slabs and retaining walls is further complicated by the absence of cylindrical symmetry (which indeed does not hold even for piles in the presence of a groundwater flow) and by the role of the boundary condition acting on the excavation side of the energy structures. As far as diaphragm walls analysis for buildings is concerned, Sun et al. [9] propose a 2D heat transfer model that distinguishes between over and under the excavation line. Under the excavation line the wall faces the soil on both sides, while over the line the wall connects to soil on one side and to air on the excavation side. It has to be remarked however that, in real buildings applications, identifying the air temperature acting on the excavation side is not straightforward. As far as energy walls in tunnels are concerned, the importance of the tunnel/air void characteristics in the thermal response of thermo-active walls in cut-and-cover tunnels is also pointed out in [10] and a review of adopted average temperatures and heat transfer coefficients is discussed in [11] : thermal characterization of the boundary between the wall and the air void requires greater scrutiny, in order to ensure realistic predictions of energy performance.
Diaphragm walls offer in principle more possibilities compared to piles from the piping layout point of view. Xia et al. [12] compare experimentally the energy performance of 3 energy walls with W-shaped, improved W-shaped and single U-shaped piping, for different inlet fluid temperatures and flow rates. They find that the W-shaped piping can exchange 25-40% more than single U-shaped, and that the improved W-shaped, where the distance between branch tubes on the soil side is enlarged, increases the heat transfer rate by 11% compared to W-shaped one. The U-and W-shaped layouts recall the classical piping layouts adopted in boreholes, while an original slinky pipe arrangement is adopted in the diaphragm walls of the Bulgari Hotel Knightsbridge London project [13] . Alternative piping layouts are studied by the Authors in a previous study [14] through a finite elements numerical model, although the modelling refers to an ideal diaphragm wall. A parametric thermal analysis is discussed by Di Donna et al [11] , who highlight how the energy performance benefits from increasing the number of pipes and using concrete of enhanced thermal properties and, at the same time, how the possible temperature excess between the wall and the excavation is advantageous for heat extraction but detrimental for waste heat disposal.
Energy performance figures regarding thermo-active diaphragm walls based on field experience are generally lacking. Brandl [15] reports 30 W/m 2 for a pre-design evaluation of energy walls fully embedded in the soil, while Xia et al. [12] measure 33.6-68.4 W/m depending on the inlet fluid temperature and on the piping shape. Kurten et al. [16] report specific heat rates in the range 20-100 W/m for thermo-active seal panels tested in laboratory under different groundwater velocities. Heat rates are normalized either by the earth-contact area of the wall [15] or by the wall depth [12] or even by the pipe length [16] .
Therefore, further efforts are necessary to assess experimentally the energy performance of thermo-active diaphragm walls, to model and analyze the influence of the boundary condition on the excavation side and to optimize the heat exchanger layout. In this paper all these aspects are investigated, starting from field observations on a monitored case study in Northern Italy. Experimental results are used to derive energy performance figures, to get fundamental insights into the behavior of the over and below excavation portions of the diaphragm walls and to calibrate a finite element numerical model of the wall panel. By means of the developed numerical model the sensitivity of the heat transfer performance to key parameters is assessed and optimal piping layouts are identified, based on minimizing the thermal interference among branches and fully exploiting the soil embedded part of the wall.
System description
The case study refers to a 6-storey residential building located in Tradate, Varese, Italy (Figure 1 ). The building, completed in 2015, was designed as a low energy building with an energy efficient envelope, a high performance Heating Ventilation and Air Conditioning (HVAC) system and a building automation system. The HVAC system generation unit consists in a water-to-water polyvalent Ground Source Heat Pump (GSHP), providing heating, cooling and Domestic Hot Water (DHW) to the residential units, by using the ground and the groundwater as heat sources or sinks, depending on the season. Groundwater coupling is achieved by means of an extraction and an injection well, while ground coupling is obtained by means of thermo-active geostructures. The ground survey on site revealed that the ground up to the excavation depth is mainly composed of gravelly sand with silt, with average porosity of 0.47. The upper 9.5 m are rather homogeneous, with a gravel content of 10-20%, a sand content of 60-70% and a silt content of 15-20%. A coarser layer at 3-4.5 m is found, with an increase of gravel content to 20-30%. Below 9.5 m, the gravel content reaches about 35-40% and the sand content decreases to 45-50%, the silt content remaining rather uniform. A stable groundwater level was detected at about 9.7 m from the surface, although a saturated condition was identified in the coarser layer at 3-4.5 m below the surface. In the following analyses the basic hypothesis will be made that the soil is fully saturated and in drained conditions, given its coarse nature. The hydraulic gradient was qualitatively detected as very limited during the site survey.
The building and the HVAC system are monitored through a purposely devised data acquisition system by Tecnoel srl aiming to control the system operation and optimize the performance. In the framework of a collaboration between the construction firm F.lli Bertani and the Authors, the data acquisition system was expanded with a set of RTD temperature probes dedicated to the monitoring of two diaphragm wall panels, indicated as M1 and M2 in probes embedded in the wall at different depths (5 on the soil side, named SS, and 6 on the excavation side, named ES). For the purpose of this study, the probes measuring the fluid temperature at the inlet and outlet of the diaphragm walls and of the slab collectors and the corresponding circulating flow rates were also considered. The measurement accuracy is estimated as 0.3°C and 10% for the temperatures and the flow rates respectively. Data are acquired every minute. From these measurements, the overall heat rate exchanged by each of the two thermo-active geostructures (diaphragm walls, slab) is derived as:
where is the measured mass flow rate, c the specific heat capacity of water, T f,out and T f,in the fluid outlet and inlet temperature. By integrating the heat rate over time the heat extracted from the ground on a monthly basis is obtained. for the diaphragm walls and the base slab respectively, therefore the diaphragm walls heat exchange rate is on average 2.7 times larger than the one of the base slab. Such figures appear much lower than the references in [15] , suggesting that ground heat exchangers installed in those geostructures that are only partially embedded in the soil may behave sensibly worse. Actually the diaphragm walls seasonal average heat rate per unit depth is 33.4 W/m, in good agreement with [12] , where diaphragm walls are subject to a boundary condition more similar to the present case study, since the inside face of the walls is exposed to the building for the first 18.5 m out of 38 m of the walls depth. Therefore, although the diaphragm walls in the present case cannot be considered fully embedded in the soil, a simple and qualitative check of the consistency of our results with the literature value by Brandl [15] can be carried out as follows. The diaphragm walls area can be modeled as the sum of the area below excavation level = and the area over excavation level = , the first one performing in un unknown way and the second one performing, in a first approximation, exchanger portion over the excavation is not able to intercept all the heat flowing from the surrounding ground to the building underground storeys.
Field observations results

Monitoring started in
In summary, field observations suggest that the overall diaphragm wall energy performance results from the combination of the below excavation and the above excavation portion performance, the latter being influenced by a critical boundary condition. In the present configuration of the heat exchangers embedded in the diaphragm walls, given the piping layout, the fluid path runs many times consecutively above and below the excavation level, possibly overriding the better performance of the lower portion with the worse one of the upper portion. Moreover, with respect to literature examples [10, 12] the present piping layout appears very dense, with the inlet and outlet segments running near and with a mall distance between adjacent segments. A numerical model of the diaphragm wall panel is then created to identify the key parameters influencing the energy performance and to study alternative optimal piping configurations, able to minimize thermal interference within the pipe segments and to fully exploit the wall portion below excavation level. 4. Numerical modeling
Geometry and materials
Numerical analyses of the thermal behavior were performed using the finite element commercial code Abaqus v.6.14 [17] , that allows to combine heat transfer mechanisms by conduction and by convection on distinct parts of the domain.
The modelling of the three-dimensional geometry of the case study takes advantage of the symmetries of the excavation area ( Figure 1 ) and of the transversal symmetry plane of the wall panel (Figure 2 ), so that the entire domain consists of a three-dimensional slice, 1.2 m wide, corresponding to half of a single panel ( Figure 6 ).
On the front and back faces, being symmetry planes, an adiabatic condition is prescribed In absence of both on-site and laboratory thermal characterization, the saturated soil properties are calculated as arithmetic means of the properties of solid and water components, weighed by the volume fractions [18, 19] . An average porosity equal to 0.47 is assumed from surveying reports and the properties of the solid grains are based on literature data [e.g. [20] [21] [22] . For the reinforced concrete structures a similar approach is followed, considering the reinforcing steel fraction of 2.4%. Table 2 reports the thermo-physical properties of the various materials. Porosity and water content are assumed constant throughout the uncoupled thermal process, therefore the derived thermal properties remain constant. Table 2 reports also the properties of a sandy soil in dry conditions, taken from design standards [22] , and of a reinforced concrete with a steel fraction equal to 1%, whose properties are calculated once again as the weighted average between the properties of steel and concrete. The latter values are adopted in the sensitivity analyses discussed in Section 5.2. Reinforced concrete 1% 2500 1.8 880 Table 2 . Thermo-physical properties.
Thermal analysis
The thermal analysis is performed with the hypothesis of uncoupled hydro-and thermal The forced convection in the pipe is prescribed by assigning the mass flow rate, uniform along the pipe, and the fluid temperature at the pipe inlet ( Figure 9 ). These input data are worked out from the monitored data, as average values over time intervals that depend on the operation mode of the geothermal system. Longer time intervals are admitted when the variables undergo minor variations, shorter intervals when they undergo rapid variations and when a refined simulation is needed. The latter is the case of December 2015, the period chosen for the calibration of the model for its continuous and stable heating operation mode. Figure 9 . Fluid inlet temperature and mass flow rate as input data for the exchanger pipe.
Numerical results
Monitoring vs. numerical results
A comparison between monitoring and numerical results is here shown firstly with reference to the temperature variations, from July to December 2015, at representative positions within the soil mass and the wall: (i) along the anchor (probe AS2.5 in Figure 10 ), where the temperature is less influenced by the circulating fluid and the fluctuations are delayed and damped with respect to the thermal inputs on the wall, (ii) within the wall at the soil side (probe SS7 in Figure 11 ), where the influence is mostly due to the circulating fluid, and (iii)
within the wall at the opposite side (probe ES7 in Figure 12 ), where conversely the influence is mostly due to the thermal condition at the excavation boundary.
The first comparison to be discussed is between the monitoring data (dots in Figures 10 to 12) and the numerical results as obtained from the model described in Section 4, referred to as but an overestimation of the temperatures by the numerical model starting with November, especially marked at position ES7, which is the closest to the excavation side ( Figure 12 ).
This result suggests investigating the influence of key parameters, such as the thermophysical properties and the thermal boundary conditions, and possibly calibrating their values to obtain the best agreement with the monitoring data. 
Sensitivity analysis and calibration of the boundary conditions
In a first attempt to calibrate the model, the sensitivity to thermo-physical properties of the materials is investigated. From the one hand, the soil mass could be in a dry condition, from the other hand, the reinforced concrete wall could be designed with a lower fraction of reinforcing steel. Consequently, both materials could be characterized by lower values of thermal conductivity and/or specific heat. Table 2 reports the thermo-physical properties of a dry sandy soil [22] and of a reinforced concrete with 1% steel, used to perform additional numerical analyses.
The results show that the variation of the soil properties mainly leads to a worse agreement in the temperatures within the soil mass (grey line in Figure 10 ), while the temperatures of the wall remain rather unaffected, as expected, since they mainly depend on the temperature of the circulating fluid and of the excavation side (grey line in Figure 11 ). The assumption of a saturated condition, with thermo-physical properties based on site surveying and literature data, seems therefore acceptable for the simulation at hand. Conversely, the variation of the reinforced concrete properties has no effect on the soil mass temperatures (data not shown) and in the wall temperatures (grey line in Figure 12 ).
As discussed in the Introduction, the thermal boundary condition applied at the excavation side is recognized as a major factor of influence in the numerical modelling [10, 11, 23, 24] .
The variability of this condition is used here to calibrate the numerical modelling, with the objective to reach a better agreement in the temperatures at positions close to the excavation side (ref. ES7 in Figure 12 ). Removing the simplifying yet arbitrary hypothesis that the damping coefficient is constant over the year, a better agreement can be reached with all the monitoring data in the various periods. From the two previous analyses, with respectively constant 0.66 and constant unit coefficients, a combination of them is attempted, in which the damping effect of 0.66 is introduced for the summer period only (from May to September), while in the winter period the excavation temperatures are not damped with respect to the ground surface ones (from November to March). This assumption can be based on the consideration that the natural convection that takes place in the aeration space connected with the wall (the gap between the wall and the basement, or the ramp shaft) may help mitigating the elevated outdoor temperatures in summer, but it has no effect in mitigating the low temperatures in winter. Finally, a comparison in terms of fluid temperatures at the pipe outlet is also necessary, as a measure of the monitored vs. predicted heat rate and energy performance. Figure 7 ). The energy performances of the three different layouts are compared in Table 3 , in terms of total exchanged heat E, average heat rate q, and specific average heat rate q/S dw per unit panel and 67% of the base layout respectively.
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